Focused ion beam milling is used on chemically etched tapered fiber tips to create fiber Bragg gratings. These fiber Bragg gratings are based on a modulation of silica and external medium. This leads to a wide and structured spectrum obtained due to imperfections and the inherent structure of the tip. The fiber Bragg gratings presented are very short and have a length of 27 µm and 43 µm and are milled on the tapered fiber tip. They are characterized in the high temperature range 350-850ºC and a sensitivity of 14.4 pm/K is determined.
INTRODUCTION
Focused Ion Beam (FIB) is a technology that employs a focused ion beam to image a surface, mill/ablate a structure and even deposit materials [1] . It was initially developed for the semiconductor industry but later became a tool that could be applied in many other fields such as in optical fiber sensors. FIB allows the creation of high resolution structures with nanometric features in any material. Only recently has it been employed to create optical fiber sensors such as Fabry-Perot cavities for temperature [2] and refractive index sensing [3] , fiber top cantilevers for atomic force microscopy [4] , and microwire cantilevers for vibration sensing [5] . Although possible, milling large quantities of material takes a very long time. To overcome this shortcoming, it is necessary to pre-process the fiber with a different technique in order to have a smaller structure and an easier access to the light guiding region of the fiber. Several techniques have been used to facilitate the FIB milling process: CO2 laser tapering [6] , chemical etching of special structure forming fibers [5] , polishing [7] , and others. Fiber Bragg gratings (FBGs) have also been created with FIB by Kou et al.: both an FBG on a tapered fiber tip for temperature sensing [6] and a metal-dielectric-hybrid fiber tip grating for refractive index sensing [8] . These solutions don't explore the high temperature range that these structures allow.
In this work, the chemical etching of a standard single mode fiber is employed to create tapered fiber tips and consequently, quickly reduce the size of the structure, making the FIB milling of gratings possible. On these tapered fiber tips, different length fiber Bragg gratings are milled using the focused ion beam. A spectral comparison of a 50-period-long grating when immersed in air and in ethanol is performed. A second, 80-period-long grating, is characterized as a high temperature sensor in the range 350-850ºC. 
EXPERIMENTAL RESULTS
Focused Ion Beam (FIB) is a technology that relies on an ion beam to image or ablate a surface very much like a scanning electron microscope, where instead of an electron beam an ion beam is used. The ions have a much larger mass and therefore mill the surface on which they are focused. Controlling the ion current and the spot size, it is possible to create very small structures with a very high resolution. One limitation of this technique is that in order to achieve high resolution and mill nanometric structures, a low current is need. This makes it practically impossible to mill FBGs in standard 125 µm fiber, as to reach the light guiding section, one would have to mill 60 µm-deep slices with just a few hundred nanometers of width, which would amount to an impossible to achieve aspect ratio. Therefore, a pre-processing of the fiber is necessary to create an intermediate structure on which it is possible to mill gratings with FIB. In this work, tapered fiber tips were chosen due to the ease of fabrication and their proven applicability. Dynamic HF chemical etching was used to fabricate the TFTs by controlling the oil-acid interface relative to the fiber. This level is controlled by changing the volume of the acid using a syringe pump, achieving tips with selectable angles and smooth surfaces [9] . 
Fiber Bragg Grating Fabrication with Focused Ion Beam
Milling fiber Bragg gratings with FIB is not trivial. Many problems arise when trying to create such small and detailed structures in non-conducting materials such as glass fibers. In an attempt to avoid charging problems such as beam deviation and sample charging and consequent vibration, a thin tantalum film (ca. 50 nm) is deposited on the TFTs. This will allow the sample to superficially conduct and prevent it from negatively charging from the electron beam and positively charging from the ion beam. In Figure 2 one can see an example of a TFT-FBG milled with FIB. This FBG has 50 periods and a total length of just 27 µm. Each period is 540 nm and each indentation has only 270 nm. Very low ion beam currents and consequently small spot sizes are necessary to mill with such high precision as to maintain the structural integrity of each indentation. The milling of a 50-period grating takes an average time of 50 min using a current of 115 pA. All structures were milled using the LYRA FIB-SEM system from TESCAN. Longer gratings can be achieved but other problems need to be overcome. One problem is that with a longer processing time, a drift of the beam/sample occurs leading to gratings such as the one shown in Figure 3 . These gratings, even having a drift, still function in the same way as expected. This drift can however, be preemptively corrected using a gradual counter-drift in the initial designing of the grating. These gratings, due to the inherent geometry of the fiber tip, must be analyzed in reflection using a simple setup comprised of a light source, an optical circulator and an optical spectrum analyzer. The source used was a supercontinuum light source due to the broad nature of the Bragg peaks and to fully grasp the full spectrum of the light reflected by the Bragg grating. The grating in Figure 2 has been analyzed in reflection when in air and when dipped in ethanol. One can easily observe a red-shift and an abrupt change in the spectral shape. The red-shift can be accounted for by the change in effective refractive index of propagation when dipped in the different media. The refractive index of air is 1.00 as compared to ethanol which is 1.35. This leads to a higher Bragg wavelength when the grating is dipped in the higher refractive index medium. The fringed spectrum of the grating in air is likely due to imperfections in the grating that cause phase shifts and several reflections along the grating. When the grating is dipped in ethanol, the index contrast is much lower (1.35/1.45 instead of 1.00/1.45) and these imperfections and unwanted reflections are minimized resulting in a narrower peak.
Figure 2. Micrographs of a FIB-milled 50-period TFT-FBG (left) and corresponding spectra in air (top right) and ethanol (bottom left).
In Figure 3 , a micrograph of a FIB-milled 80-period grating (43 µm in length) is shown where a drift towards the central section of the TFT occurred during fabrication. This drift did not present significant changes to the FBG spectrum as shown in Figure 4 . This grating was subjected to temperature variations in the range 350ºC -850ºC as can also be seen in Figure  4 . The reflectivity of the grating is a bit reduced at high temperatures but restores itself when the temperature decreases. A sensitivity of 14.4 pm/K was achieved. 
CONCLUSIONS
Different fiber Bragg gratings were created on chemically etched tapered fiber tips. The 50-period-long TFT-FBG was shown to have very different spectra when in air and ethanol. The lower refractive index of ethanol when compared to air led to a lower effective index of the grating and a reflection at a higher wavelength. A cleaning of the fringes and narrowing of the peak also resulted from the lower index contrast when the grating was immersed in ethanol. The 80-period-long TFT-FBG, was characterized as a high temperature sensor in the range 350-850ºC and showed a higher sensitivity of 14.4 pm/K when compared to standard FBGs. The high temperature performance of such a simple structure comes from the fact that the index modulation is geometric in nature. It does not depend on a slight index change, result of more traditional fabrication techniques such as the use of excimer lasers or femtosecond lasers that can be erased at high temperatures. This means that the grating will only be erased when the silica starts to soften and the periodic indentations merge together. The modulation in this type of grating is made of consecutive slices of silica and external medium (such as air) making possible a refractive index contrast of over 10 -1 . This also allows for much shorter gratings which combined with the tip-like structure of the tapered fiber tips leads to a very interesting high temperature point sensor. Many applications can benefit from such structures. Temperature /refractive index measurement in very small volumes such as bubbles or even cells can be two examples. Other gratings or Fabry-Perot cavities can be combined on these TFTs for multiplexing and probing different parameters and wavelengths. All this without compromising the size of the sensor tip.
